The ability to control the position of a mesoscopic object with nanometric precision is important for the rapid progress of nanoscience. One of the most promising tools to achieve such control is optical tweezers, which trap objects near the focus of a laser beam. However, the drawbacks of conventional tweezers include a trapping volume that is diffraction-limited and significant brownian motion of trapped nanoobjects. Here, we report the first experimental realization of three-dimensional nanometric optical tweezers that are based on nanostructured substrates. Using electromagnetically coupled pairs of gold nanodots in a standard optical tweezers set-up, we create an array of subwavelength plasmonic optical traps that offer a significant increase in trapping efficiency. The nanodot optical near-fields reduce the trapping volume beyond the diffraction limit and quench brownian motion of the trapped nanoparticles by almost an order of magnitude as compared to conventional tweezers operating under the same trapping conditions. Our tweezers achieve nanoscale control of entities at significantly smaller laser powers and open new avenues for nanomanipulation of fragile biological objects.
The ability to control the position of a mesoscopic object with nanometric precision is important for the rapid progress of nanoscience. One of the most promising tools to achieve such control is optical tweezers, which trap objects near the focus of a laser beam. However, the drawbacks of conventional tweezers include a trapping volume that is diffraction-limited and significant brownian motion of trapped nanoobjects. Here, we report the first experimental realization of three-dimensional nanometric optical tweezers that are based on nanostructured substrates. Using electromagnetically coupled pairs of gold nanodots in a standard optical tweezers set-up, we create an array of subwavelength plasmonic optical traps that offer a significant increase in trapping efficiency. The nanodot optical near-fields reduce the trapping volume beyond the diffraction limit and quench brownian motion of the trapped nanoparticles by almost an order of magnitude as compared to conventional tweezers operating under the same trapping conditions. Our tweezers achieve nanoscale control of entities at significantly smaller laser powers and open new avenues for nanomanipulation of fragile biological objects.
Different branches of nanoscience have benefited strongly from robust methods of object manipulations [1] [2] [3] [4] . For example, the continued development of optical trapping 4 has seen this technique become one of the most important modern-day tools for research in the fields of biology, physical chemistry and soft condensed matter physics 5 , regularly delivering new insights and discoveries 6, 7 . The technique's broad appeal has come about because of its non-contact nature-a nano-or microscopic object can be picked up, delivered to a desired place in order to facilitate the act of a measurement or reaction, and then brought back to an initial pool. Recently, the possibilities of such integrated particle manipulation and measurement have been expanded upon with the use of automated systems 8 . Conventional optical tweezers trap objects near the focus of a laser beam. As a result, the trapping volume of conventional tweezers is diffraction-limited, and trapped nanoobjects are often exposed to prominent brownian motion. Several works have shown that conventional optical tweezers still allow one to suppress this brownian motion and to achieve nanometric accuracy of optical trapping (in relatively low bandwidth) by increasing the power of the laser beam, optimizing the sample properties or by using particles with a high polarizability [9] [10] [11] . However, these refinements are not appropriate for many systems, particularly for interesting biological samples where the object's polarizability is low and strong laser radiation could cause damage. For these reasons, nanometric trapping of bioobjects requires a rather complicated optical set-up 12 . The diffraction limit is not a fundamental restriction 13 , but rather is heuristic, which has been surpassed in several areas of optics with the help of light wavefronts carefully sculptured by artificial nanostructures [14] [15] [16] [17] . For example, the trapping volume could be reduced beyond the diffraction limit using optical nearfields [18] [19] [20] . Theoretical nanometric optical tweezers 19 rely on strongly enhanced electromagnetic fields near metallic nanoparticles and offer a subwavelength trapping volume. So far, the subwavelength size of an optical trap has been experimentally realized only in one dimension using surface plasmon resonance on a flat gold film [21] [22] [23] or focused evanescent wave illumination 24 . In this work, we describe the first experimental realization of using strongly enhanced and localized near-fields of metallic nanostructures of a specially chosen design to produce threedimensional nanometric optical tweezers with a subwavelength size for the optical trap and strongly enhanced trapping efficiency.
RESULTS

PROPOSED APPROACH
The subwavelength optical traps were produced near the surface of arrays of gold nanoparticles fabricated by high-resolution electron beam lithography on a glass substrate. Instead of a single sharply pointed pin 19 , we made use of nanomolecules formed by gold nanodots arranged in tightly spaced pairs. Such a geometry provides excellent control over the critical feature (the gap in the pair) and the frequencies of the localized plasmon resonances 14, [25] [26] [27] [28] , which can be excited by light of normal incidence. It also yields a subwavelength three-dimensional-trap, which is a step forward from previous experiments [21] [22] [23] [24] . To demonstrate the action of nanometric optical tweezers, solid polystyrene beads (6 mm, 1 mm and 200 nm in diameter, refractive index of 1.6) were trapped and nanomanipulated by a focused laser beam at controlled focal distances from the surface of the nanostructured substrate, submerged into an immersion oil of refractive index n ¼ 1.5. We chose oil in place of water in order to simplify the set-up to the greatest extent possible. Also, the strong dependence of oil viscosity on temperature allowed us to check if heating affected our results (see below). The experimental set-up has been described previously 29 and is outlined briefly in the Methods. Figure 1 shows a schematic diagram of the nanotweezers set-up. The trap was created using a continuous-wave 1 W, 1,064 nm neodymium-doped YVO 4 diode pumped solid-state laser, collimated to a beam diameter of 5 mm and focused through an oil-immersion objective of numerical aperture NA ¼ 1.3 onto the sample 29 . The studied structures were placed on a motorized x-y translation stage with a position resolution of 20 nm. The trapping was simultaneously studied with both a charge-coupled device (CCD) camera to visually monitor the trapped particle and a quadrant photodiode (here an additional He-Ne 632.8 nm laser was used to track the particle) to measure its x-y position with a resolution of 0.5 nm Hz 20.5 . Figure 2a ,b show electron micrographs of the nanostructured samples. The samples were regular square two-dimensional arrays of nanodots grouped in tightly spaced pairs, which covered an area of 0.4 mm Â 0.4 mm. Heights h of the gold dots (nanopillars) and their diameters D were chosen through numerical simulations so that the localized plasmon resonance of an individual pillar appeared at deep red and near infrared light frequencies 14 . The data described here were obtained on six samples with the same pair separation s ¼ 200 nm, a lattice constant of c ¼ 500 nm and height h ¼ 90 nm, but different diameters of the nanodots. At such small dot separations, the electromagnetic interaction between nanodots 14,25-28 splits the localized plasmon resonance of an individual nanopillar into two resonances for the pillar pair, and localized plasmon modes of the double pillar nanomolecule can be characterized by their parity 14, 26 . In our experiments, the symmetric plasmon resonance of the double-pillar nanomolecule was excited by the infrared laser light (l ¼ 1,064 nm) and generated the strong electromagnetic fields required for operation of the nanometric tweezers. It has to be noted that the localized plasmonic resonances for nanopillars covered in immersion oil are broad (with half-width .200 nm), and the nanodot near-fields are amplified and generate a strong optical trap even well outside the resonance position 30 . The gaussian laser beam coming from the objective had a diameter of 2l/(p . NA) % 500 nm and on average illuminated just one pillar pair. The trapping position of the beam was produced by a superposition of the gaussian beam profile with strongly localized near-fields generated by the nanodots. When the beam was moved along the nanodot lattice, the trap position varied in space periodically. Figure 2c ,d shows cross-sections of the electromagnetic field intensity of near-fields excited by the 1,064 nm light wavefront and calculated for the actual experimental geometry using Femlab software. The electromagnetic field intensity provides a rough guide for the trapping force due to the near-fields. The actual force can be found by integrating the Maxwell stress tensor for the electromagnetic field distribution (calculated in the presence of the bead) over the area surrounding the bead. These calculations suggest that the double-pillar nanomolecules could yield a nearfield trap with a typical size of $100 nm and offer an amplification of the trapping force by almost two orders of magnitude near the nanostructured surface. In comparison with a single dot 19 , the double-pillars geometry provides a better control of the nanocavity 'volume' of fabricated nanomolecules and the bigger field enhancements. Figure 3 shows the main experimental result of the paper-optical trapping of 200 nm beads near the nanostructured substrates. In these experiments the focal point of the laser beam was moved parallel to the surface in the symmetry plane of the nanopillar pair at a distance a from the surface. At a ¼ 14 mm a 200 nm bead follows the focal point of the beam as shown in Fig. 3a , which plots an average position of the bead (bandwidth of 100 Hz). The situation changes radically when the light is focused closer to the substrate and the distance a is decreased to a ¼ 0.7 mm (Fig. 3b) . In this case, the motion of a trapped 200 nm bead is dominated by near-fields of nanodots and a bead moves in a step-like manner from one stable trapping point generated by near-fields of an illuminated nanodot pair to the next illuminated pair as the laser beam is moved along the nanodot array. Remarkably, the trapping length scale (evaluated from the change of particle position between the plateaus of Fig. 3b ) was well below 100 nm for the stable points, which suggests a subwavelength size for the near-field trap and implies large stiffness of the trap realized near the nanodots. This has a major influence on the brownian motion of the trapped nanoparticle. In conventional optical tweezers, trapped objects are often subject to prominent brownian motion, which does not allow pinning of the position of a bead with a high precision at low laser powers. Brownian motion of a 200 nm bead outside the patterned area is shown in Fig. 3c . The plot illustrates the position of a bead trapped at a ¼ 0.7 mm above the glass, measured at different times for a fixed location of the optical trap with full bandwidth of 10 kHz (green circles). Figure 3c and Fig. 4a reveal that the half-width of the gaussian distribution of displacements of a 200 nm bead was 176 nm. However, when the laser beam with the same bead (at the same power) was positioned at the same height a ¼ 0.7 mm directly above the nanopillar pair, the half-width dramatically reduced to 18 nm (see the red circles of Fig. 3d ; see also Fig. 4b ). Figure 4 presents the histograms of the particle displacements shown in Fig. 3c,d and the corresponding gaussian fits that were used to measure the variance of the brownian motion. These variances correspond to a respective increase of the well stiffness from 1. Supplementary Information, movies , for examples of nanotweezers in operation, illustrating the suppression of brownian motion near the nanostructured substrate as well as the step-like manner of the bead motion between near-field traps.) The nanodot array, therefore, provides almost an order of magnitude improvement of particle positioning with respect to conventional optical tweezers (under the same trapping conditions, that is, the same laser power). Figures 3 and 4 show that a 200 nm bead can be pinned in a near-field subwavelength trap above any illuminated nanodot pair in the array and can be moved from one double-pillar nanomolecule to another one simply by moving the beam along the array. It implies that a lattice of nanodots provides a rigid set of subwavelength nearfield traps in which the particle can be positioned with very high accuracy. Such accuracy is essential in future uses, for example, for achieving reproducibility of the surface-enhanced Raman measurements that rely on the positioning of studied particles with respect to surface-enhanced Raman substrates (SERS) or for an initiation of chemical/biological reactions involving mesoscopic objects. In addition to nanometric object positioning, our structures can be simultaneously used as SERS 25 .
OPTICAL TRAPPING AND MANIPULATION OF NANO-SIZED OBJECTS
ESCAPE-VELOCITY MEASUREMENTS
An important possibility that must be considered, however, is that the reduction in the brownian motion of a trapped particle could be due to a mechanical pinning by the substrate. In order to test this, we have measured the escape velocity of the particle from the laser beam moving above our samples. In these experiments, the particle was transported along the array of nanostructures (or a glass surface) by the laser beam, whose focal point was moved at a constant distance a above the stationary substrate along the sample surface. During its motion above the nanostructured array, the laser beam illuminated subsequent dot pairs, generating additional strong near-field forces. The near-field trap moved from one illuminated pair to the next illuminated pair when the laser beam was moved along the sample at a constant speed. We have measured experimentally the speed at which the particle was not able to follow the laser beam and escape it. The escape speed allows us to characterize an effective increase of the trapping force due to the periodic array of nanodots. Figure 5a -c shows a remarkable dependence of the escape speed of trapped beads on the distance a. As a particle is moved at smaller a along the flat glass substrate, the escape velocity is always seen to decrease and this drop is connected to the increase of the drag force near the interface arising due to an additional friction between liquid and the substrate. The drop in the escape speed was indeed observed in our experiments for beads moving near the surface of the empty glass substrate (see the yellow squares of Fig. 5a,b) . Despite this growth of the drag force in the vicinity of the interface, the escape speed measured near the nanostructured sample dramatically increased for small a; see the blue circles of Fig. 5a ,b, which shows $7-10 times increase in the escape speed near the nanostructured surface for beads of 6 mm and 200 nm in diameter (the data are shown for the distances where warming was not significant for the laser power used; see below). This implies that the nanostructured material increases the average force of the optical trap (by which we mean the force of the trap averaged over different beam positions within the nanoarray) by $10 times at small a, compared with a conventional optical trap. The effective trapping force F tr can be evaluated directly from the escape velocity 31 . At the escape velocity, the effective trapping force is considered to be equal to the viscous drag force described by the modified Stokes law F d ¼ K . 6phrn esc , where h is oil viscosity, r is the bead radius, n esc the escape speed of the The insets are the micrographs of a nanopillar pair for four samples. (The distance between the trapped bead and the sample surface can be less than a due to the contribution of the fields produced by the nanodots, and changes periodically when the particle moves along the sample.)
particle, and K ¼ K(r/a) is a dimensionless correction coefficient 31, 32 . This effective trapping force describes an average enhancement of the trapping characteristics due to near-fields in the most common applications of particles moved along the nanostructured substrate. (The discussion of the maximal value of the near-field trap for an individual dot pair will be given in future publications.) The escape velocities were equally enhanced for the trap moving in the x and y directions (that is, parallel and perpendicular to the line connecting adjacent dot centres). The data in Fig. 5 are given for the case of y motion. The maximum observed escape velocity for 1 mm beads moving in the immersion oil near the nanostructured substrate was 150 mm s 21 , which is extraordinarily high for motion in viscous oil and more common for the motion of trapped particles in water. Such speeds correspond to an extremely large trapping force of F tr % 2nN and a large trapping efficiency 2 pN mW 21 calculated for a 1 mm bead near the surface. The magnitude of enhancement is extraordinary taking into account the fact that the refractive index of the bead (n ¼ 1.6) is very close to the refractive index of the liquid (n ¼ 1.5).
STUDIES OF THE TRAPPING QUALITY
Measurements of the escape speed allowed us to verify the significant influence of nanostructured substrates on another important characteristic of optical nanotweezers-the effective trapping quality factor defined as Q ¼ F tr c/nP, where c is the speed of light and n is the refractive index of the oil. (Here we chose the Minkowski form of the electromagnetic tensor only for evaluation purposes.) Figure 5c depicts a plot of the ratio of the escape velocity with the laser power n esc /P measured at several different laser powers for 1 mm particles (the laser power was decreased for small a to avoid heating). The ratio n esc /P is directly proportional to the quality factor Q of the optical trap (renormalized by the modified Stokes law and the modulated motion of the bead). Figure 5c clearly shows that the nanostructured substrate significantly increases the renormalized quality of the optical trap. As a result, the effective quality factor of the trap at the trapping distance of a ¼ 1 mm (beads of 1 mm) from the sample surface was about 30 times higher than that of conventional tweezers without the nanostructured substrate. The calculations yield large effective trapping quality factors of Q ¼ 14.0 + 1.1, 1.6 + 0.13 and 0.1 + 0.02 for 6 mm, 1 mm and 200 nm beads, respectively, near the nanostructured substrates. The escape speeds (and hence the effective trapping force) also showed a relatively strong dependence on the nanomolecule geometry-nanopillar diameter in our casewhich affects the localized shape of the plasmonic resonances of the structure and influences near-field coupling in the pillar pair. Figure 5d displays the escape velocities for all six studied samples measured at a fixed laser power P ¼ 440 mW for 1 mm beads at a distance of 2.5 mm from the surface of the sample. The dependence has a broad maximum for D ¼ 170 nm, which we believe corresponds to the best coupling of the symmetric plasmonic mode with laser light. At the same time, a dramatic improvement of the tweezing operation has been observed even for structures with detuned shape plasmonic resonances, which should be expected for the localized plasmon resonances studied here 14 . An analogous behaviour has been observed for trapping of the microbubbles near the surface of nanostructured gold 33 . It is important to stress that the presented data have been obtained in the absence of significant heating (responsible for liquid convection and a change of immersion oil viscosity). We took several precautions to avoid heating. First, we performed our measurements at laser powers and distances a where convection, which indicates heating, was not visible. Second, we investigated the likelihood of liquid warming by measuring the dependence of the escape velocity on the trap power (which should be strongly nonlinear if significant warming is present). We found that for the distances a ! 2-3 mm this dependence follows an empirical linear expression n esc (P) ¼ k(a)(P -P 0 (a)) for the powers P , 600 mW, where k(a) is a coefficient proportional to the trap quality factor and P 0 (a) is a threshold. For smaller distances (a , 2 mm) we reduced the laser power accordingly (Fig. 5c) . The significant quenching of the brownian motion above the nanopillar trap shown in Fig. 3 is another convincing argument in favour of the absence of heating. Indeed, the oil viscosity h strongly depends on temperature. Because the brownian motion is inversely proportional to oil viscosity (the power spectrum for a trapped overdamped bead can be evaluated as S(f ) ¼ kT/(6p 3 rf 2 h), where f is the frequency and T is the temperature), it implies that oil heating would dramatically increase the particle brownian motion, but experiments unambiguously show a significant decrease of brownian wandering of a bead above the nanodot trap.
DISCUSSION
To conclude, we have demonstrated a subwavelength near-field optical tweezer system created near a nanostructured substrate. The proposed nanotweezers provide a set of 'absolute' discrete coordinates in which optical near-fields of nanopillars provide a subwavelength trapping volume for the trapped nanoparticles and open new exciting possibilities in different fields of science and nanotechnology. The system could be easily developed to allow an interrogation of many nanomolecules at once (and establishing a long-range order in a solution) by using light beams with a broader gaussian waist. The enhanced characteristics of optical nanotweezers could provide an instrumental edge in the field of nanoengineering and open new avenues for nanophysics and nanobiology.
METHODS
The nanostructured samples were produced by electron beam lithography. The studied arrays of gold nanopillars had periods from 270 to 600 nm, dot diameters of 100-140 nm, and pillar separations in the pair were 140 -200 nm. The optical tweezers set-up has been described in detail previously 29 . The escape velocities and measurements of the quantized motion of the particles above the nanoarray were obtained for the particles transported by moving the beam focus in the x-y plane using the galvanometer-controlled mirrors. Calibrations of the x -y stage were checked during the experiments and the motorized z drive of the microscope focus was calibrated interferometrically before experiments. Relative measurements of the focus height above the nanopillars were set by observing the speckle reflection of the trapping beam from the structures and setting this position to the 0 value of the z coordinate. A new addition to the tweezer apparatus was the quadrant photodiode (QPD). The QPD was used and calibrated as described by Pralle et al. 34 . Particle tracking was accomplished using a 632.8 nm HeNe laser with a bandpass filter at the QPD used to remove any contribution from the trapping laser and nanosubstrate. Furthermore, a darkfield scheme was used to improve the signal-to-noise ratio. The presence of nanodots made it difficult to deduce the particle motion normal to the substrate from the total scattering. The video imaging system used the ordinary microscope set-up with a short pass filter to filter the 1,064 nm beam at the camera.
